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ABSTRACT
Dexamethasone sodium phosphate (Dex-SP) is the most commonly used drug administered via intra-
tympanic injection for the treatment of acute hearing loss, but its penetration efficiency into the inner
ear is very low. To address this problem, we evaluated the possibility of administering dexamethasone
nanosuspensions via intratympanic injection because hydrophobic drugs might be more effective in
penetrating the inner ear. Three types of dexamethasone nanosuspensions were prepared; the dexa-
methasone nanoparticles in the three nanosuspensions were between approximately 250 and 350nm
in size. To compare the efficiency of Dex-SP and dexamethasone nanosuspension in delivering dexa-
methasone to the inner ear, the concentrations of dexamethasone in perilymph and cochlear tissues
were compared by liquid chromatography–mass spectrometry. The dexamethasone nanosuspensions
resulted in significantly higher drug concentrations in perilymph and cochlear tissues than Dex-SP at
6 h; interestingly, animals treated with nanosuspensions showed a 26-fold higher dexamethasone con-
centrations in their cochlear tissues than animals treated with Dex-SP. In addition, dexamethasone
nanosuspension caused better glucocorticoid receptor phosphorylation than Dex-SP both in vitro and
in vivo, and in the ototoxic animal model, the nanosuspension showed a significantly better hearing-
protective effect against ototoxic drugs than Dex-SP. In the in vivo safety evaluation, the nanosuspen-
sion showed no toxicity at concentrations up to 20mg/mL. In conclusion, a nanosuspension of dexa-
methasone was able to deliver dexamethasone to the cochlea very safely and efficiently and showed
potential as a formula for intratympanic injection.
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Introduction

Dexamethasone is widely used to treat acute hearing loss
(Stachler et al., 2012). However, since dexamethasone is not
very soluble in water, dexamethasone sodium phosphate
(Dex-SP), which is approved for intravenous use, is used off
label for intratympanic injection in patients with acute hear-
ing loss. Among the several pathways by which drugs enter
the cochlea via the middle ear, the round window mem-
brane is the most important route (King et al., 2011).
Unfortunately, little is known about the mechanism by which
drugs pass through the round window membrane or what
properties of drugs affect their passage through that barrier.
Recently, Salt et al. (2018) reported that the lipophilicity of
drugs affects their permeation of the round window mem-
brane and that hydrophobic drugs pass through the mem-
brane more effectively than hydrophilic drugs. The
mechanism by which polyp nanoparticles (PLGA, polyp-lactic-
co-glycolic acid) translocate across the round window

membrane was previously reported by Zhang et al. The
penetration of PLGA nanoparticles across the round window
membrane via the transcellular pathway was observed by
confocal laser scanning microscopy (Zhang et al., 2018). A
hydrophobic drug would be advantageous, as these drugs
penetrate the cell membrane when they pass through the
transcellular pathway.

Since most of the steroids and antioxidants used in acute
hearing loss are hydrophobic, it is possible to develop a new
type of intratympanic injection for the treatment of acute
hearing loss if these properties of the round window mem-
brane are exploited. Several methods, including nanopar-
ticles, have been tested as ways to formulate hydrophobic
drugs into intratympanic injections (Sun et al., 2015, 2016;
Wang et al., 2018; Yang et al., 2018; Rousset et al., 2019;
Jung et al., 2021). We wondered whether dexamethasone, a
hydrophobic drug, could be made into a nanosuspension
and injected into the middle ear cavity; furthermore, we
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wondered whether this dexamethasone nanosuspension
solution would be more efficient than the hydrophilic com-
pound Dex-SP in delivering the drug to the cochlea.

Nanosuspensions are nanosized colloidal dispersion sys-
tems that are stabilized by surfactants and/or polymers; they
are efficient and intelligent drug delivery systems for water-
insoluble drugs because these platforms increase the satur-
ation solubility and the surface area available for dissolution
(Wang et al., 2013). Reduction of the drug particle size to the
nanometer level increases the total effective surface area,
thereby increasing the dissolution rate. Additionally, a reduc-
tion in particle size leads to a reduction in the thickness of
the diffusion layer surrounding the drug particles, resulting
in an increase in the concentration gradient. Each of these
properties leads to improved bioavailability of the drug
(Dizaj et al., 2015). The active pharmaceutical ingredient (API)
particles in a nanosuspension consist entirely of the drug
that is to be delivered; no carriers or vehicles are included in
the particles. Thus, high drug loading (100%) of the nanosus-
pensions could result in highly efficient transportation of the
drug into cells, achieving adequately high therapeutic con-
centrations and maximizing the pharmacological effects
(Wang et al., 2017).

Due to the above advantages, nanosuspensions are used
for drug delivery to various organs of the body through the
oral, ocular, pulmonary, and transdermal routes (Piao et al.,
2008; Gupta et al., 2010; Lemke et al., 2010; Wang et al.,
2010; Yang et al., 2012; Rossi et al., 2018; Park et al., 2019;
Jacob et al., 2020). Delivery of drugs to the inner ear through
the middle ear cavity is one of the best applications of nano-
suspensions for several reasons. Steroids and antioxidants,
which are important drugs in the treatment of acute hearing
loss, are mostly hydrophobic, and hydrophobic drugs in
nanosuspensions would permeate the round window mem-
brane more effectively than the currently used hydrophilic
drugs. The middle ear is an air-filled cavity, and there is little
concern that a drug injected into the middle ear will mix
with other body fluids, including blood; thus, the injected
drug remains in suspension more readily there than in most
other organs of the human body.

In this experiment, we investigated the difference in the
concentration of dexamethasone absorbed in the cochlea
between a dexamethasone nanosuspension and the currently
used Dex-SP, and we also investigated the safety and efficacy
of dexamethasone nanosuspension in the ear.

Materials and methods

Preparation of dexamethasone nanosuspension

In this study, nanoparticles were prepared using fat and
supercritical fluid (NUFSTM) for nanoparticle fabrication, which
is a novel technique for nanoparticle preparation (Park et al.,
2019). The preparation of dexamethasone nanoparticles con-
sisted of the following two steps: polyvinylpyrrolidone (PVP),
poloxamer, polyethylene glycol (PEG)-40 stearate and a sac-
charide were dissolved in deionized water at a ratio deter-
mined by the design of the experiment. The polymer
solution was then mixed with the active ingredient, a fatty

alcohol. The mixture was milled with a roller compactor,
then dried under reduced pressure at room temperature.
This solid dispersion was placed inside a pressure-resistant
reactor (Bio-Synectics, Inc., BS-SF-1, Seoul, Republic of Korea),
and a continuous flow of liquid carbon dioxide was used to
remove the fatty alcohol from the solid dispersion.

Characterization of dexamethasone nanoparticles

Particle size measurement
The hydrodynamic particle size of various nanoparticle for-
mulations was measured using dynamic light scattering
(DLS) (ELSX-1000, Otsuka Electronics Co., Ltd, Osaka, Japan)
(Bondi et al., 2015). After dispersion by sonication, dexa-
methasone suspensions were collected at predetermined
time points (0, 1, 2, 6, and 8 h), and particle size was meas-
ured with DLS. For visual observation of the nanoparticles, a
120 kV bio-transmission electron microscope (JEM-1400 plus,
JEOL, Tokyo, Japan) was employed according to the method
used in previous studies (Yoon et al., 2016).

In vitro dissolution studies
In vitro dissolution tests of the formulations were conducted
with USP Dissolution Apparatus 2 (Vision Elite 8, Hanson,
Chatsworth, CA) at 75 rpm. For each measurement, powder
(100mg as dexamethasone) was placed in 900mL deionized
water at 37 ± 0.5 �C. Samples of 3mL were collected at pre-
determined time points (3, 7, 15, 30, 60, and 120min) and
were replaced with an equal volume of fresh dissolution
medium. The aliquot was filtered through a 0.2 mm mem-
brane filter. The drug content was analyzed using an Alliance
series high-performance liquid chromatography (HPLC) sys-
tem (Waters Corporation, Milford, MA) with ultraviolet (UV)
detection at 249 nm. Twenty microliters of each sample was
injected into an Epic C18 column (5 lm particle size,
4.6� 250mm) adjusted to 25 �C at a flow rate of 0.8mL/min.
The mobile phase consisted of 0.01 M KH2PO4 buffer and
acetonitrile (5:4% v/v).

In vitro safety and drug efficacy evaluation of
dexamethasone nanosuspensions in HEI-OC1 cells

Culture of HEI-OC1 cells
The immortalized mouse organ of Corti cell line HEI-OC1 was
used for in vitro tests (Kalinec et al., 2003). HEI-OC1 cells
were grown and passaged in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 50U/
mL recombinant mouse interferon-c, and 10 ng/mL ampicillin
and then cultured in a humidified 10% CO2 environment
at 33 �C.

Cell counting kit (CCK) assay
The safety of the three dexamethasone nanosuspensions in
HEI-OC1 cells was tested using a CCK-8 (Dojindo Molecular
Technologies, Rockville, MD) assay. The cells were incubated
with various concentrations of dexamethasone nanosuspen-
sions (0.1–100 mg/mL) for 24 h. Cell viability was determined
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using a CCK-8 assay in accordance with the manufacturer’s
protocol; optical densities were determined at 450 nm using
a microplate reader (Bio-Rad, Hercules, CA).

Western blotting
HEI-OC1 cells were treated with Dex-SP and dexamethasone
nanosuspensions for 1 h and 6 h. Cells were lysed in RIPA
buffer containing protease and phosphatase inhibitors
(50mM Tris; 150mM NaCl; 1mM EDTA; 1% sodium deoxy-
cholate (DOC); 1% Triton X-100; 0.1% SDS; and 1� protease,
phosphatase-1, and phosphatase-2 inhibitor cocktails (Sigma
Aldrich, Darmstadt, Germany)). The cell lysates were centri-
fuged at 13,200 rpm for 15min at 4 �C, and the supernatant
was subjected to western blot analysis. Equal amounts of
protein for each sample were electrophoresed and trans-
ferred onto nitrocellulose membranes. These membranes
were incubated for 1 h with blocking solution (Translab,
Daejeon, Republic of Korea) and then incubated overnight
with primary antibodies against glucocorticoid receptor (Cell
Signaling, Danvers, MA) and phospho-glucocorticoid receptor
(Cell Signaling, Danvers, MA). Protein expression was
detected by using a ChemiDoc XRS Image system (Bio-Rad,
Hercules, CA).

In vivo evaluation of inner ear drug delivery efficiency
and safety of dexamethasone nanosuspensions

Three forms of dexamethasone nanosuspensions or control
drugs were injected into the middle ear cavity of animals,
and the concentration of dexamethasone in the perilymph
was investigated for up to 24 h. After comparing the drug
concentration in the perilymph between the three nanosus-
pensions, we selected one dexamethasone suspension and
further investigated its safety and efficacy in vivo.

Middle ear administration of drugs
Eight-week-old male BALB/c mice (Orient Bio, Seoul, Republic
of Korea; weight 20–23 g) were used in the in vivo experi-
ments. Drugs were injected into the middle ear using a sur-
gical method described previously (Jung et al., 2021). Before
surgery, the mice were anesthetized using a mixture of
30mg/kg tiletamine/zolazepam (ZoletilVR , Virbac, Carros,
France) and 10mg/kg xylazine (RompunVR , Bayer, Leverkusen,
Germany) via intramuscular injection. Then, we placed the
mice on a thermoregulated heating pad in the supine pos-
ition; a midline incision was made, and the left bulla was
exposed. A hole was created in the bulla using fine forceps,
and a drug solution was injected into the bulla using an
insulin syringe. To reflect clinical practice, we did not use gel
foam to retain the drug in the middle ear. Next, rimadyl
(1.0mg/kg; Pfizer, Walton Oaks, UK) was injected to relieve
pain. Baytril (10mg/kg; Orion, Hamburg, Germany) was intra-
peritoneally injected once daily as prophylaxis against middle
ear infection.

Perilymph sampling and measurement of dexamethasone
concentration
Perilymph was sampled from the lateral semicircular canal
(SCC) under the same anesthetic regimen. During perilymph
sampling, an incision was made behind the left ear of the
animal to prevent contamination with perilymph, and the
drug was injected into the middle ear cavity. Then, the ani-
mal’s pinna was retracted anteriorly, and the muscle of the
temporal bone was bluntly dissected to expose the lateral
and posterior SCC. A small hole was made in the middle por-
tion of the lateral SCC with a 26G needle. After we observed
perilymph leakage through the hole, approximately 3 mL of
perilymph was sampled into a calibrated capillary tube. Each
perilymph sample was transferred to an Eppendorf tube and
centrifuged for 5min at 13,200 rpm. Then, 2 mL of the super-
natant was collected and diluted 25-fold in 50% methanol to
a volume of 50 mL, and liquid chromatography–mass spec-
trometry (LC/MS; 1290 Infinity II/Qtrap 6500; Sciex,
Washington, DC) was performed on the diluted perilymph
sample (Wang et al., 2011).

Preparation of cochlear homogenates and measurement
of dexamethasone concentrations
In order to determine the concentration of dexamethasone
absorbed into the tissues of the cochlea, the concentration
of dexamethasone in cochlear homogenate was analyzed by
LC/MS (Liebau et al., 2019). The cochlea was harvested from
animals, then immersed in isotonic phosphate-buffered saline
(PBS) and washed to remove any drug residue from the out-
side of the cochlea. Additionally, the round window mem-
brane was opened, and the inside of the cochlea was
washed with PBS to remove the perilymph. Then, the coch-
lea was homogenized using Tissue Lyser II (Qiagen, Hilden,
Germany) with RIPA buffer. The lysates were centrifuged at
13,200 rpm for 15min at 4 �C, and the supernatants
were collected.

To compare the concentration of dexamethasone in the
cochlear tissue of each individual animal, the protein concen-
tration of the supernatants was adjusted to an equal value,
as in western blotting. A dilution of 30 mL of supernatant
containing approximately 25 mg of protein was prepared and
then combined with 30 mL of methanol to make a sample of
60 mL, and the concentration of dexamethasone in the sam-
ple was examined by LC/MS. The results were expressed as
the amount of dexamethasone per 25 mg of protein in the
cochlear tissue.

Western blotting
To compare the efficacy of dexamethasone nanosuspensions
and Dex-SP in the cochlea, we compared the quantities of
phosphorylated glucocorticoid receptors (P-GRs) in cochlear
tissue. Western blotting was performed in cochlear homoge-
nates using the same method described for the in vitro
experiments.
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Evaluation of the efficacy of dexamethasone nanosuspen-
sions in a mouse model of ototoxicity
Eight-week-old male BALB/c mice (Orient Bio, Seoul, Republic
of Korea; weight 20–23 g) were divided into three groups.
The animals in three groups received middle ear drugs 2 h
prior to the induction of ototoxicity, as described above;
these animals then received dexamethasone nanosuspension,
Dex-SP, or distilled water (deaf-sham group). Ototoxicity was
induced by the intraperitoneal injection of kanamycin
(1000mg/kg; Sigma-Aldrich, St. Louis, MO) and intraperito-
neal injection of furosemide (180mg/kg; Sigma-Aldrich, St.
Louis, MO) 30min later. The mice were subjected to ABR
testing and whole-mount staining of the organ of Corti
2 weeks later.

Histological evaluation
Two weeks after injection of the drug into the middle ear
cavity, the animals’ hearing was evaluated by using the audi-
tory brainstem response (ABR); afterward, the cochlea and
bulla were collected, and histological damage was observed
with an optical microscope. Cochleae and bullae were fixed
in 4% paraformaldehyde (Merck, Darmstadt, Germany) and
decalcified in 5% ethylenediaminetetraacetic acid (EDTA,
0.3 M). Cochlea sections on slides were stained with hema-
toxylin (YD Diagnostics Corp., Yongin-si, Republic of Korea)
and eosin (BBC Biochemical, McKinney, TX). Images were
examined using a light microscope system (Nikon Eclipse
E400, Tokyo, Japan).

Immunofluorescence staining for dexamethasone was per-
formed to examine the absorption of dexamethasone in the
cochlear tissue (Yang et al., 2018). Anti-dexamethasone anti-
body (Abcam, Cambridge, UK) was used as the primary anti-
body, and the tissue was stained using the Vectastain Elite
ABC HRP Kit and the Vector NovaRED Peroxidase Substrate
(Vector Laboratories, Burlingame, CA). Images were captured
using a light microscope system (Nikon Eclipse E400,
Tokyo, Japan).

ABR test in vivo
ABRs were recorded 2 weeks after the operation. The animals
were anesthetized with a mixture of 30mg/kg tiletamine/
zolazepam (ZoletilVR , Virbac, Carros, France) and 10mg/kg
xylazine (RompunVR , Bayer, Leverkusen, Germany). The active
electrode was placed approximately at the vertex of the
skull, the reference electrode was inserted under the pinna
of the left ear, and the ground electrode was inserted under
the contralateral ear. ABR thresholds were measured in
response to frequencies from 4 to 32 kHz as well as clicks;

only the operated ear was tested. TDT System-3 (Tucker
Davies Technologies, Gainesville, FL) hardware and software
were used to record the ABRs. A computer-generated tone
pip was used for stimulation. Tone bursts at frequencies of 4,
8, 16, and 32 kHz with a duration of 4ms and a rise-fall time
of 1ms were used, along with clicks. The sound intensity
was varied in 5-dB intervals for the clicks near the threshold
and in 10-dB intervals for the tone bursts. The ABRs were
analyzed using a custom program (BioSig RP, ver. 4.4.1).
Threshold differences among mouse groups were statistic-
ally compared.

Statistical analysis

The data are presented as the means ± standard errors of
triplicate measurements. Statistical significance was identified
by one-way analysis of variance (ANOVA) for ABR, the
Kruskal–Wallis test for dexamethasone concentration com-
parison, and Student’s t-test for all other results. A p value of
<.05 was taken to indicate statistical significance.

Study approval

All procedures were performed in accordance with national
ethics guidelines. This study was approved by the Institutional
Review Board of Clinical Research Institute, Daejeon St. Mary’s
Hospital, College of Medicine, The Catholic University of Korea
(approval no. CMCDJ-AP-2020-009).

Results

Preparation and characterization of dexamethasone
nanosuspension

Three kinds of dexamethasone nanoparticles (NUFS A, B, C)
were prepared by combining a polymer, a surfactant, and a
saccharide. PVP and poloxamer were used as the basic com-
position, and the effects of lactose and dextrose were com-
pared by NUFS A and NUFS B (Table 1). The ratio of polymer
and the effect of adding PEG-40 stearate were compared by
NUFS B and NUFS C (Table 1). The particle size of nanosus-
pensions is estimated for eight hours to evaluate the size
and stability of the nanosuspension (Table 2).

The dissolution behaviors of dexamethasone nanoparticles
and micronized dexamethasone powder are compared in
Figures 1 and 2. The dexamethasone nanoparticles were dis-
persed in the media within a short period of time and
reached their highest dissolution rate within 10min from the
start of dissolution. The dissolution rates of the nanoparticles

Table 1. Composition of the formulations of dexamethasone nanoparticles.

Formulation

Ratio

Dexamethasone PVP K17 Poloxamer 188 PEG-40 stearate Lactose Dextrose

NUFS A 1 0.2 0.2 0.5
NUFS B 1 0.2 0.2 1
NUFS C 1 0.3 0.3 0.3 1

NUFS: nanoparticles using fat and supercritical fluid; PVP: polyvinylpyrrolidone; PEG: polyethylene glycol.
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were proportional to the particle size and consistently
exceeded 70%. NUFS C, despite containing more polymers
and surfactants than the other two formulations, also
showed a lower dissolution rate. Thus, the particle size seems
to play an important role in the dissolution rate. On the
other hand, micronized dexamethasone had poor dispersibil-
ity in the media and reached its maximum dissolution rate of
approximately 50% only 2 h after the start of dissolution.

In vitro safety evaluation

Neither micronized dexamethasone powder nor the three
nanosuspensions elicited toxic effects in HEI-OC 1 at concen-
trations of up to 100 mg/mL; assuming that the drug was
absorbed into the cochlea, none of the four formulations
had any particular toxicity (Figure 3).

Comparison of inner ear dexamethasone delivery
efficiency and drug efficacy

The same 5mg/mL solutions of the three dexamethasone
nanosuspensions, micronized dexamethasone powder, and
Dex-SP were injected into the middle ear, and then the con-
centrations of dexamethasone in the perilymph were compared
over time (Figure 4(a)). As calculated by the Kruskal–Wallis test,
the mean concentrations of dexamethasone at 1h and 6h
were significantly different between groups. The perilymph
dexamethasone concentrations of the three dexamethasone
nanosuspensions were similar to that of Dex-SP at 1h but
higher than that of Dex-SP at 6h. However, there was no sig-
nificant difference in concentration among the three nanosus-
pensions in either the 1-h or 6-h results. Since the results of
the three nanosuspensions are similar, we chose NUFS B, which
had the smallest particle size, and compared it with Dex-SP to
determine more about the drug delivery efficiency and efficacy
of dexamethasone nanosuspensions.

First, to confirm whether the NUFS B nanosuspension pro-
duced a higher perilymph drug concentration than Dex-SP
6 h after injection, we injected the two drugs into the middle
ear at various concentrations and compared the drug

concentration in the perilymph (Figure 4(b)). When the two
groups were compared by Student’s t-test, the NUFS B group
showed significantly higher perilymph concentrations at all
three dose concentrations. Additionally, to quantify the drug
gradients in the perilymph space, sequential sampling of
perilymph was taken from 10mg/mL of NUFS B injected
guinea pigs. Six hours after NUFS B injection, serial peri-
lymph sampling was taken from lateral semicircular canal by
capillary tube. In each guinea pig, 10 serial capillary tubes
were collected (2 lL per each tube). Dexamethasone concen-
tration of capillary tube was analyzed, and the average of
three animals is shown in supplement 1. Six hours after
NUFS B injection, dexamethasone seems to be well distrib-
uted in the perilymph space, even in the apical turn.

Second, since the amount of drug absorbed into the tis-
sues is important for the effect of the drug, the amount of
dexamethasone absorbed into the cochlear tissue was com-
pared between the two groups (Figure 5). Six hours after
drug administration of 10mg/mL NUFS B nanosuspension or
Dex-SP in the middle ear, the amount of dexamethasone per
25 mg of protein in cochlear homogenate was investigated
by LC/MS; the result for NUFS B (36.3 ± 17.8 ng), was approxi-
mately 26 times the result for Dex-SP (1.4 ± 1.8 ng). Twenty-
four hours after drug injection, the levels had decreased to
1.6 ± 1.1 ng in the NUFS B group and 0.0 ± 0.0 ng in the Dex-
SP group. On immunochemical staining for dexamethasone
in cochleae collected 6 h after drug administration, the NUFS
B group was once again found to have a higher uptake of
dexamethasone than the Dex-SP group.

Third, in order to evaluate the efficacy of NUFS B, the
degree of P-GR was compared between Dex-SP and NUFS B
in in vitro and in vivo experiments (Figure 6). Western blot-
ting confirmed that the abundance of P-GR was increased in
the NUFS B-treated group at both 1 and 6 h after treatment
with 50 mg/mL Dex-SP or NUFS B in vitro. In the in vivo
experiment, we examined the change in P-GR abundance in
the cochlea after 24 h of treatment with NUFS B and Dex-SP
at concentrations of 5mg/mL and 10mg/mL in the middle
ear cavity. The western blotting results also indicated that P-
GR abundance was more elevated in the NUFS B group than
in Dex-SP group.

Therapeutic effects of dexamethasone nanosuspension
in a mouse model of ototoxicity

The ABR thresholds of the three groups were measured on
day 14, and the Kruskal–Wallis test revealed significant
among-group differences at 8 kHz (p¼.005) and 16 kHz
(p¼.028) and in the click test (p¼.008). Upon post hoc test-
ing using the Holm–Bonferroni method, the NUFS B group
exhibited significantly better hearing than the other two
groups at 8 kHz and 16 kHz and in the click test (Figure 7(a)).

When the whole mount of the organ of Corti was
observed, the stereocilia of the deaf-sham group and the
Dex-SP group were highly damaged at all frequency areas of
8, 16, 32, and 48 kHz, whereas those of the NUFS B group
showed less damage than those of the other two groups
(Figure 7(b)).

Table 2. Changes in nanoparticle sizes over time.

Formulation Time (h) Particle size (nm)

NUFS A 0 382.0
1 452.3
2 451.1
4 457.2
6 477.5
8 504.9

NUFS B 0 239.3
1 264.0
2 258.6
4 258.4
6 258.9
8 259.1

NUFS C 0 287.3
1 356.6
2 351.1
4 336.9
6 336.8
8 336.9

NUFS: nanoparticles using fat and supercritical fluid.
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In vivo safety evaluation

Since Dex-SP is generally injected into the middle ear cavity
at 5mg/mL in clinical practice, the toxicity of NUFS B in the
middle and inner ear was evaluated up to a concentration of
20mg/mL, which is four times the usual Dex-SP concentration.
The animals’ hearing was evaluated by ABR 2 weeks after

injection of the drug into the middle ear, and the NUFS B
group showed no hearing loss compared to the normal group
up to 20mg/mL (Figure 8). Histological evaluation performed
after the hearing examination showed no inflammatory reac-
tion in the tympanic membrane or middle ear mucosa in any
of the animals treated with NUFS B, and no damage was
observed in the inner ear tissue of those animals.

Figure 1. (A) Dispersion of dexamethasone nanoparticles and micronized dexamethasone powder in water over time. (B) Transmission electron microscopy images
of micronized dexamethasone powder and dexamethasone nanoparticles. Scale bar, 500 nm
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Discussion

Dexamethasone nanosuspensions were successfully made by
the NUFSTM method. Three kinds of dexamethasone nano-
particles (NUFS A, B, C) were prepared by combining a poly-
mer, a surfactant, and a saccharide. Saccharides contribute to

the formation of nanoparticles of API mixtures in the milling
process. PVP and poloxamer were used as the basic compos-
ition, and the effects of lactose and dextrose were compared
by NUFS A and NUFS B (Table 1). In the case of dexametha-
sone, the effect of dextrose appears to be greater than that

Figure 2. Dissolution profiles were drawn as the percentage of drug dissolved versus time. Dexamethasone nanoparticles (NUFS A, B, C) and micronized dexa-
methasone powder were dispersed in distilled water, collected over time (3, 7, 15, 30, 60, and 120min) and detected by a high-performance liquid chromatography
system. Compared to micronized dexamethasone powder, nanoparticles dissolved faster and maintained a high dissolution rate over time.

Figure 3. The cytotoxicity of the three dexamethasone nanosuspensions (NUFS) and micronized dexamethasone (micro-dex) in HEI-OC1 cells. HEI-OC1 cells were
treated with NUFS A, B, C (mean particle size 382 nm, 239.3 nm, and 287.3 nm, respectively) and micro-dex (mean particle size 2357.4 nm) at various concentrations
(0–100 mg/mL) for 24 hours. Cell viability was detected by a CCK-8 assay. At concentrations up to of 100 mg/mL, NUFS and micro-dex treatment for 24 h did not sig-
nificantly affect cell viability. Data are the means ± SDs from three independent experiments performed in duplicate.
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of lactose as the nanoparticle size of NUFS B maintains a
smaller size over time compared to NUFS A (Table 2). In add-
ition, dextrose appears to be more favorable for particle sta-
bility in suspension than lactose. The polymer ratio and the
effect of adding PEG-40 stearate were compared by investi-
gating NUFS B and NUFS C (Table 1). The addition of a poly-
mer and surfactant does not appear to have much effect on
particle size (NUFS B, C) compared to the addition of lactose
(NUFS A). The particles of NUFS B and NUFS C do not mark-
edly change size until 8 h after dispersion of nanoparticles in
deionized water; however, NUFS A, which has a high solubi-
lizing agent ratio, increases the particle size after dispersion.

After 8 h of dispersion, the particle size of NUFS A increased
by more than 100 nm (Table 2). Therefore, increasing the
polymer and surfactant concentrations seems to have a
negative effect on the stability of the nanosuspension.

In all three of the prepared nanosuspensions, the drugs
appeared to remain in suspension for more than eight hours.
Since an aqueous solution of the drug, as opposed to a gel,
escapes from the middle ear cavity to the nasopharynx
through the eustachian tube in a short time (Plontke et al.,
2008; Park et al., 2014), our dexamethasone nanosuspensions
seem to maintain a suspension state for a sufficient time
relative to the time the drug stays in the middle ear cavity.

Figure 4. Comparison of dexamethasone concentrations in the perilymph after middle ear drug administration. (A) The administered concentrations of NUFS par-
ticles, micronized dexamethasone (micro-dex) particles, and dexamethasone sodium phosphate (Dex-SP) were fixed at 5mg, and the concentrations of dexametha-
sone in the perilymph were compared 1, 6, and 24 h after injection into the middle ear cavity. In the test, the concentrations of each group at 1 h and 6 h were
significantly different. (B) In a comparison between NUFS B and Dex-SP at different concentrations 6 h after injection, the NUFS B group showed significantly higher
dexamethasone concentrations in the perilymph at all three concentrations. �p<.05 and ��p<.01.

Figure 5. Intergroup comparison of the amount of dexamethasone absorbed into the cochlear tissue. (A) For an accurate comparison between animals, the
amount of dexamethasone per 25 mg of protein in cochlear homogenate was quantified by LC/MS. Six hours after drug administration, the dexamethasone levels
measured 36.3 ± 17.8 ng for NUFS B and 1.4 ± 1.8 ng for Dex-SP; 24 h after drug injection, the measurements were 1.6 ± 1.1 ng in the NUFS B group and 0.0 ± 0.0 ng
in the Dex-SP group. (B) According to the immunochemical staining of dexamethasone in the apical turn of cochlea collected 6 h after drug administration, a
higher uptake of dexamethasone was found in the NUFS B group than in the Dex-SP group. �p<.05, ��p<.01, and ���p<.001.
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For the in vitro and in vivo safety evaluations, dexametha-
sone nanosuspension exhibited safety up to 100 mg/mL
(in vitro) and 20mg/mL (in vivo). In the evaluation of hearing,
the hearing of the NUFS 10mg/mL group seems somewhat
better at 16 kHz than that of the normal animals, but this is
thought to be due to the small number of animals, and it
can be seen that there is no toxicity at all (Figure 8).

By measuring the drug concentrations in the perilymph,
we found that dexamethasone nanosuspensions produced a
higher dexamethasone concentration in the perilymph than
Dex-SP at six hours after drug injection. Interestingly, Dex-SP
produced a high drug concentration in the perilymph at one
hour after drug injection, after which the concentration
drops rapidly with time, whereas nanosuspensions produced
a steady drug concentration for up to 6 h. This pattern also
appeared in the results of the micronized dexamethasone
powder solution. In view of these results, it is thought that

hydrophobic drugs achieve a more effective sustained
release than hydrophilic drugs when injected into the middle
ear cavity, but additional studies are needed on the mechan-
ism of this phenomenon.

To our knowledge, the therapeutic concentration of dexa-
methasone in the inner ear has not yet been studied. In the
study of Machuca et al. (2006), 10 mM (3.92 lg/mL) dexa-
methasone resulted in complete protection against the cyto-
toxic effect of TNF-a in MCF-7 cells. Another study by
Urayama et al. (1998) reported that 1 lM (0.392 lg/mL) dexa-
methasone had a strong protective effect against monochlor-
amine-induced injury of IEC-18 cells. However, the protective
dose of dexamethasone (0.39 or 3.92lg/mL) cannot be
maintained continuously in a real perilymph environment
because the perilymph constantly circulates with the CSF,
and the drug is rapidly washed out of the perilymph.
Therefore, within the safe concentration range, maintaining

Figure 6. Comparison of drug efficacy through phosphorylation of glucocorticoid receptors. In order to predict the comparative effects of NUFS B particles and
dexamethasone sodium phosphate (Dex-SP) in clinical use, glucocorticoid receptor phosphorylation was assessed through in vitro and in vivo experiments. (A) In
the HEI-OC1 cell line, the phosphorylation of GR increased more in the NUFS B group than in the Dex-SP group at 1 and 6 h after treatment with 50 mg/mL Dex-SP
or NUFS B. (B) In the in vivo experiment, the changes in P-GR and total GR levels in cochlear homogenates were investigated after 24 h of treatment with NUFS B
and Dex-SP at concentrations of 5mg/mL and 10mg/mL in the middle ear cavity of BALB/c mice. P-GR levels increased more in the NUFS B group than in the Dex-
SP group.
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the concentration of dexamethasone above 0.392 mg/mL or
3.92 mg/mL in the perilymph for a long time can be
expected to produce a better therapeutic effect. In Figure 4,
even when Dex-SP was injected into the middle ear at a
high concentration of up to 10mg/mL, the concentration of
dexamethasone in the perilymph at six hours (0.320 mg/mL)
did not reach the therapeutic concentration (0.392 mg/mL).
On the other hand, dexamethasone nanosuspension showed
a perilymph concentration exceeding 0.392 mg/mL even after
injection of 5mg/mL at six hours (0.453 mg/mL).

The quantity of drug that has been absorbed into the
inner ear tissues is important in inner ear drug delivery stud-
ies. Dexamethasone binds to intracellular GR to form GR
complexes, which are involved in gene transactivation and
transrepression in the nucleus, mediating the effect of the

drug (Hardy et al., 2020). Therefore, dexamethasone must be
absorbed into the cochlear tissues to be effective. In add-
ition, since the perilymph is continuous with the cerebro-
spinal fluid, the drug concentration in the perilymph may
differ from the concentration in the tissue (Salt et al., 2012).

Unfortunately, however, there are few methods to accur-
ately measure dexamethasone concentrations in cochlear tis-
sue. In this study, the concentration of dexamethasone in
cochlear homogenate was evaluated by LC/MS in the man-
ner described by Liebau et al. (2019). For an accurate com-
parison between animals, the amount of dexamethasone
was quantified based on the amount of protein in cochlear
homogenate, and surprisingly, at 6 h after drug injection,
NUFS B produced a tissue drug concentration approximately
26 times the concentration achieved by Dex-SP. In addition,

Figure 7. The therapeutic effect of NUFS B in an ototoxic animal model. (A) The auditory brainstem response (ABR) thresholds of the three groups were measured
on day 14 after induction of deafness. Only the 10mg/mL NUFS B group exhibited significantly better hearing than the other two groups at 8 and 16 kHz and the
click sound. The statistical results are shown in the text. The data represent the mean ± SD from three independent experiments performed in duplicate. �p<.05,��p<.01, and ���p<.001. (B) We observed the whole organ of Corti using confocal microscopy, focusing on four specific areas of the place-frequency map. The
stereocilia of the deaf-sham group and the Dex-SP group were highly damaged at all frequency areas, whereas those of NUFS B group showed less damage than
those of the other two groups.
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dexamethasone was detected in tissues until 24 h after NUFS
B administration, and the concentration 24 h after NUFS B
was similar to the concentration 6 h after Dex-SP.

As dexamethasone nanoparticles are hydrophobic, nano-
suspensions of these crystals could be more advantageous
than Dex-SP for cell membrane permeation (Al-Awqati,
1999). For example, in the western blots from the in vitro
testing, NUFS B achieved higher P-GR expression than the
same amount of Dex-SP. These results suggest that even if
the same amount of drug entered the perilymph, a dexa-
methasone nanosuspension would have better drug efficacy
than Dex-SP because the former would achieve better cell
membrane permeation.

In the western blots from the in vivo testing, NUFS B once
again produced higher P-GR levels than the same amount of
Dex-SP. This advantage is thought to be due to the superior
absorption of NUFS B in the tissue and its increased drug
efficacy compared to Dex-SP. Furthermore, in the ototoxic
animal model, NUFS B showed significantly better hearing
protection than Dex-SP against ototoxic drugs. Considering
the safety results of the dexamethasone nanosuspension and
its much better absorption into the cochlear tissue than Dex-

SP, this treatment may have the potential to replace Dex-SP
as an intratympanic injection for acute hearing loss.

Conclusions

Nanosuspension of dexamethasone was able to deliver dexa-
methasone to the cochlea very safely and efficiently and
showed potential as a formula for intratympanic injection. In
addition, it can be applied in studies on the delivery of vari-
ous hydrophobic antioxidants to treat acute hearing loss.
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Figure 8. In vivo safety assessment after intratympanic injection of a dexamethasone nanosuspension (NUFS B). NUFS B was injected into the middle ear at con-
centrations of 5, 10, and 20mg/mL. Two weeks after drug injection, the animals’ hearing was evaluated by measuring the ABR, and histological evaluation was per-
formed after the hearing examination. (A) As indicated by the ABR results, animals treated with NUFS B at up to 20mg/mL showed no hearing loss compared to
the normal group. (B) Histological evaluation showed no inflammatory reaction in the tympanic membrane or the middle ear mucosa in any of the NUFS B animals,
and no damage was observed in the inner ear tissue.
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